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Antibody-mediated immunological protection relies heavily on the development of high-affinity memory B cells and long-lived plasma cells (PCs). Priming with protein antigens induces antigenspecific follicular helper T cells (T FH cells) needed to initiate primaryresponse germinal center (GC) reactions
. Following cognate contact, cohorts of antigen-primed B cells form GC microenvironments to expand and diversify germ-line encoded B cell receptors (BCR) [3] [4] [5] . Dynamic imaging has provided a real-time framework for understanding the GC-based evolution of antigen-specific recognition by BCRs [6] [7] [8] . Location-based labeling of GC B cells 9 , as well as labeled GC T FH cells 10 , have provided a new level of understanding of the regulation of GC B cell fate. However, the strict requirement for this spatial organization 11 , the sequence of GC B cell functions and the dynamics of evolutionary processes that regulate the fate and function of memory B cells during the recall response to antigen remain unclear.
Clonal BCR diversification and the selection of variants of higher affinity are the dominant mechanisms that drive the evolution of antigen-specific B cell memory [3] [4] [5] 12 . Somatic hypermutation diversifies antigen-specific BCRs in the progeny of rapidly proliferating GC B cells 3, 4, 12, 13 . Clonal progeny expressing variant BCRs scan networks of follicular dendritic cells [6] [7] [8] with varying ability for the uptake, processing and presentation of antigens. In this manner, GC B cells with greater access to antigen make stronger productive contacts with GC T FH cells 14 , proliferate more extensively and further diversify the 'preferred' and selected antigen-specific BCR 15 . Containment in GCs and the cyclic progression of BCR diversification can be observed through analysis of the clonal organization of the GC B cell repertoire 16, 17 . However, it remains important to connect these multiple attributes within individual antigen-specific GC B cell clones to understand how specialized GC-specific transcriptional programs drive ongoing BCR rediversification.
Modifying antigen-specific B cell memory at recall is central to antibody-mediated immunological protection. Classic studies have demonstrated a progressive increase in the diversity of memory BCRs during the recall response to antigen 18, 19 . While transfer studies have indicated that memory B cells expand their populations without BCR rediversification 20 , they have also suggested that 'selective recruitment' of affinitymatured memory B cells into PC differentiation might explain ongoing maturation of the antibody repertoire without reinitiation of the GC reaction. Prime-boost studies with protein antigens 21, 22 and transfer models relying on particular antigens 23, 24 have reported similar skewing of class-switched memory responses toward PC production. Differences in expression of the transcriptional repressor Bach2 in class-switched memory B cells suggest an intrinsic molecular basis for PC skewing at recall 25 . In contrast, many studies of circulating human memory B cells analyzing the BCR repertoire [26] [27] [28] [29] [30] [31] [32] [33] have observed clonal expansion of class-switched memory B cells with BCRs that express shared and unique mutations. Such data suggest an alternative 'memory BCR-rediversification mode' that can be used to predict local formation of secondary GCs and ongoing GC function with extended exposure to antigen or a vaccine boost. Subsequent adoptive-transfer studies 34, 35 have provided supportive evidence for this alternate model, but there remains little insight into local mechanisms.
Here we developed a high-resolution cellular and molecular strategy to monitor the fate of antigen-specific GC B cells in intact primed mice expressing a polyclonal immune system. Our findings demonstrated that the recall response to antigen elicited robust secondary GC reactions in large cohorts of class-switched memory B cells.
Secondary GC B cells reinitiated a cyclic GC transcriptional program
A r t i c l e s to diversify memory BCR repertoires with ongoing antigen-driven selection at the clonal and subclonal level. Persistent primary GCs were not required for the formation of secondary GCs, and multiple lines of evidence demonstrated that class-switched memory B cells were the main precursor cells in intact primed mice. Our studies identify the local cellular targets and molecular mechanisms that drive ongoing switched-antibody rediversification at recall.
RESULTS
Robust formation of secondary GCs upon antigen recall
Single-cell mapping of the fate of GC B cells among the clonal progeny of memory B cells is a powerful means for monitoring antigenspecific differentiation in vivo. In the absence of clear understanding of the organization and function of memory T FH cells, it is prudent and necessary to assess recall responses without the use of adoptive transfer. Here we used prime-boost immunization with the haptenprotein combination of 4-hydroxy-3-nitrophenylacetyl and keyhole limpet hemocyanin (NP-KLH) to isolate antigen-specific (V L λ1 + NP + ) memory-response B cells [36] [37] [38] . After the boost, there was robust emergence of class-switched (IgM − IgD − ) antigen-specific GC (GL7 hi CD38 lo ) B cells that expressed the transcriptional repressor Bcl-6 and small amounts of the homing receptor CD62L (Fig. 1a) . Local emergence of these cells after the boost was not dependent on the presence of adjuvant (Fig. 1b) . Distinct IgD − GC structures containing networks of CD21 − CD35 + follicular dendritic cells, the cytidine deaminase AID, Bcl-6 and GC-localized CD4 + T FH cells were evident in tissue sections by antibody labeling (Fig. 1c) . On the basis of flow cytometry and antigen binding, we concluded that carrier protein-specific memory B cells also formed robust switched secondary GCs in draining lymph nodes (LNs) at both time points after the boost (Fig. 1d,e) . On the basis of analyses with the same set of markers and cellular dynamics described above, we concluded that changes in priming adjuvant ( Supplementary Fig. 1a,b) , priming dose ( Supplementary Fig. 1c,d ) or time after priming (>6 months; data not shown) generated a similar frequency and number of GC B cells after the boost. Therefore, local antigen rechallenge drove robust GC reactions that included large numbers of class-switched antigen-specific GC B cells with broadly similar spatial organization in situ.
Class-switched B cells rediversify BCRs in secondary GCs
To measure ongoing BCR diversification in vivo, we connected the information for phenotype and antibody repertoire for >500 individual switched antigen-specific B cells over the course of the secondary response. Polyclonal B cells that expressed light-chain variable region λ1 and heavy-chain variable region 186.2 (V L λ1-V H 186.2) with numerous unique junctional sequences dominated the response in vivo (Supplementary Fig. 2 ). We used dendrogram displays of near-neighbor sequence alignment 39 to depict the scale of polyclonal relatedness of responding antigen-specific B cells sorted from separate 
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A r t i c l e s time points after initial priming or the secondary boost. Changes in primary-response GCs, memory B cells before recall and GC B cells after the boost demonstrated large amounts of BCR diversification through polyclonal outgrowth in secondary GC reactions (Fig. 2a) . Linear distance from the predicted root of each dendrogram (Fig. 2b) , changes in the frequency of mutations per GC B cell (Fig. 2c) and the distribution of changes in amino acids (Fig. 2d) all indicated ongoing memory BCR diversification of class-switched secondary GC B cells. Boost with a soluble antigen induced shorter measured distance to root for the dendrograms (Fig. 2b) and lower numbers of mutations per GC B cell (Fig. 2c) than found with adjuvant. Thus, our singlecell analysis quantified increased BCR diversification in polyclonal switched memory BCR repertoires induced by the vaccine boost and influenced by the addition of exogenous adjuvant. (Fig. 2e, top) . These indicators of GC-specific transcriptional programming were induced rapidly after the boost in GC B cells, with high frequencies maintained at the single-cell level throughout the first week (Fig. 2e, bottom) . Individual class-switched memory B cells were mostly quiescent and displayed negligible Aicda expression, and there were low frequencies of cells expressing Bcl6 and Mki67 mRNA (Fig. 2f) . In contrast, expression of Aicda, Bcl6 and Mki67 mRNA indicated global GC transcriptional activities that persisted 70 d after initial priming, and we also detected this expression on days 4 and 8 after recall in individual secondary GC B cells that had recently undergone population expansion. In the absence of adjuvant at the boost, Aicda mRNA, Bcl6 mRNA and Mki67 mRNA were present at a similar level on a per-GC B cell basis at the same time points following the boost. These data demonstrated reinitiation and ongoing GC-specific transcriptional activities in secondary GC B cells that served to rediversify the switched BCR repertoires of polyclonal memory B cells.
GC transcriptional programs assort across four stages
The GC cycle involves sequential transcriptional changes and coordinated cellular function to promote and enhance BCR diversity. To investigate the coordinated programming of multiple progressive GC B cell functions, we calculated the combinatorial associations of gene expression among individual antigen-specific GC B cells. We then used the dimensionality-reduction algorithm t-SNE ('t-distributed stochastic neighbor embedding') 40 to identify varied differences in the expression of genes encoding molecules involved in a subset of known GC activities 9 (Cd79b, Bcl6, Aicda, Mki67, Polh, Cd83 and Cxcr4) across the secondary GC B cells after a boost as described above (Fig. 3a) . With few exceptions, switched GC B cells clustered into four main regions of bivariate t-SNE plots (stages 1-4) representing clustered and segregated transcriptional activity in single GC B cells (Fig. 3b) . Among the selected set of genes, mRNA encoding the costimulatory molecule CD83 (Cd83 mRNA) and the DNA polymerase Polη (Polh mRNA) contributed most clearly to the clustering of individual GC B cells (Fig. 3c) . Given the predicted functions of CD83 and Polη 41, 42 , we propose four separate stages of GC transcriptional activity that assort GC B cells to the four regions of the t-SNE plots. Across the four stages of the proposed GC cycle, the amount of Cxcr4 and Mki67 mRNA per GC B cell skewed toward GC cells in the DZ (Fig. 3d, top) . A higher proportion of cells in stages 2 and 3 that expressed Il21r and Slamf1 (Fig. 3d, middle) , as well as the predicted relationships among cells across the four stages on the basis of coordinated expression of Cd83, Polh, Aicda and Mki67, would support the suggestion of cyclic activity of GC B cells in the proposed model ( Supplementary Fig. 6 ). Furthermore, reentry into the LZ between stages 4 and 1 of the GC cycle was accompanied by decreased expression of Cxcr4, Mki67 and Cd24a and increased expression of Cd38 (Fig. 3e , bottom, and f). Antigen presentation and T cell-B cell contact in the LZ between stages 1 and 2 was accompanied by lower expression of Cxcr4 and E2a and increased expression of Icosl, Il21r, Baffr, Slamf1 and Cxcr5 (Fig. 3e , top, and f). Entry into the DZ after T cell-B cell contact between stages 2 and 3 was associated with increased expression of Aicda, Pcna, Mki67, Cxcr4, Ly75 and CD24a (Fig. 3e , upper middle, and f). Finally, extended diversification in the DZ between stages 3 and 4 was accompanied by continued high expression of Aicda, Mki67and Cxcr4 and decreased expression of Myc, Ly75 and Il10rb (Fig. 3e, lower middle) . These more extensive analyses of coordinated single-cell gene expression were consistent with the proposed cyclic progression of GC B cell transcriptional programming.
Subclonal 'adaptive radiation' of switched BCR repertoires Ongoing selection of diversified antigen-specific BCRs in individual GC B cell clones provides direct evidence of GC function in vivo 16, 17 . 
A r t i c l e s
To investigate the evolutionary dynamics of secondary GC function, we directly connected single-cell gene expression to clonal analysis of the BCR repertoire by integrated single-cell analysis.
We performed integrated single-cell analysis of antigen-specific GC B cell clones isolated from individual LNs on days 4 and 8 after the boost (as described above) and defined by unique junctions for Ct)   18  14  18  16  31  18  17  18  15  15  17  19  15  32  17  18  18  18  14  14  17  30  18  22  29  16  18  29  16  17  16  15  28   G15  G30  G31  G11  G06*  G22  G12*  G33  G08  G20  G19  G14  G27  G07  G16  G17  G25  G10  G13  G23  G34  G02  G35  G36  G03*  G32*  G26  G05  G24  G29*  G21  G18  G04 npg complementarity-determining region 3 (using clones with over ten cells per clone; n = 9 clones). The index-sort analysis of the clones indicated that the level of antigen binding, light-chain expression and surface phenotype distribution was similar to that of the total population of GC B cells (Fig. 4a) . Furthermore, each clone included subclonal members distributed across all four stages of the GC cycle (Fig. 4b) . Fewer subclonal members were in stages 2 and 3 of the GC cycle than in the other stages (Fig. 4b) , consistent with the loss of unselected LZ GC B cell variants and exit from the GC after T cell-B cell contact.
The subclonal distribution of BCR mutations reveals GC evolutionary dynamics. We next assessed whether individual GC clones converged toward a single variant on a subclonal branch or diverged across multiple options to progress along diversification in many branches independently. Sequence alignment and nearneighbor analysis of clonal BCR repertoires displayed in radial phylograms indicated subclonal GC B cell activity (Fig. 4c) . Given these related distributions of mutational variants, there was evidence of multiple divergent branches of subclonal variants that had reexpanded after selection and had rediversified into separate clusters of GC clonal progeny (Fig. 4c) . The separate subclonal clusters also included individual members of the clone that distributed across multiple different GC transcriptional stages (as defined by the t-SNE grouping of four stages described above) (Fig. 4d) . In a separate representation of clonal data, we tabulated multiple facets of cellular and molecular secondary GC B cell activity independently of BCR sequence alignment to highlight similar and unique GC programs at the subclonal level (Fig. 4e) .
Together the results reported above demonstrated rediversification of the mutated and class-switched BCR repertoire in antigen-specific secondary GC B cells. These data also indicated that antigen drove the selection of subclonal BCR variants within secondary GCs. Furthermore, the segregation of individual GC B cells across the four stages of the GC cycle in separate intraclonal clusters indicated the permissive, ongoing and divergent nature of antigen-specific secondary GC B cell evolution. These results would favor the proposal of a divergent mechanism of evolution and revealed the dynamics of subclonal 'adaptive radiation' in secondary GCs for switched memory BCR repertoires.
De novo secondary GC formation GC reactions in LNs draining the immunization site can persist at low levels for extended periods 43 , and activated B cells can join NP-KLH and allowed to 'rest' as in a, followed by treatment with hamster IgG (control) or with monoclonal antibody to CD40L (for GC ablation) 1 week before boosting as in a, analyzed by flow cytometry and presented as in a. *P < 0.05, **P < 0.01 and ***P < 0.001 (two-tailed t-test). Data are from one experiment with three mice per group, representative of four (a) or two (b) independent experiments (mean and s.e.m.). 
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A r t i c l e s pre-existing GCs 44 . To investigate whether secondary GC reactions can arise anew following the antigen-recall regimes described above, we focused analysis on remote cervical LNs that contained no evidence of persistent primary GCs. In such primed mice, an intravenous boost of antigen without adjuvant induced an equivalent frequency of antigen-specific GC B cells in local LNs draining the initial priming site and remote LNs (Fig. 5a) . Next, through the use of blocking antibody to the ligand for the costimulatory receptor CD40 (CD40L), we ablated preexisting GCs in mice primed in a similar way and found that an intravenous antigen boost produced a frequency of GC B cells equivalent to that of untreated control mice (Fig. 5b) . In both sets of experiments, antigen-specific memory B cells were the most likely precursor cells in the local secondary GC response at recall. Therefore, the vaccine boost was able to induce new GC reactions, even at lower local levels of antigen, and did not require adjuvant or the presence of persistent primary-response GC reactions.
Class-switched memory B cells can form GCs after transfer
We next used adoptive-transfer models to investigate the origins of the precursor cells in secondary GCs. At day 70 after priming mice with NP-KLH, we isolated class-switched memory B cells (IgM − IgD − CD19 + GL7 − ) without using antigen specificity and transferred those cells, together with CD4 + CD44 hi T cells (as a source of memory helper T cells), into immunodeficient recipient mice (of the Rag1 tm1/Mom strain). At day 14 after recall, we observed large numbers of non-antigen-specific CD38 − GL7 + GCs in the spleen of recipient mice; however, the antigen-specific (V L λ1 + NP + ) GC response (CD38 − GL7 + ) was variable (data not shown). To overcome such variability within the antigen-specific compartment, we included naive, nonspecific B cells (from MD4 mice, which have transgenic expression of a BCR specific for hen egg lysozyme) in the mixture of cells transferred in the procedure described above. This nonspecific 'filler' cell effect resulted in antigen-specific class-switched memory B cells that consistently produced secondary GC responses at recall (Supplementary Fig. 7a-c) . To investigate memory function under more physiological conditions than transfer into the immunodeficient recipient mice noted above (Supplementary Fig. 7a ), we transferred 3 × 10 3 to 5 × 10 3 NP + class-switched memory B cells (IgM − IgD − CD138 − B220 + CD19 + CD38 + GL7 − ) into naive syngeneic wild-type recipient mice and observed donor-derived Bcl-6-expressing GC B cells in the spleen of recipient mice 7 d after transfer and challenge (Fig. 6a) .
As expected, isolated CD38 − GL7 + antigen-specific GC B cells transferred in this model were not recovered and did not respond to immunization (data not shown). In a third model, we transferred NP + class-switched memory B cells into unconditioned MD4 mice (as recipients) and observed a substantial donor-derived Bcl-6 + GC B cell compartment after boost (Fig. 6b) . Thus, under all conditions tested, class-switched memory B cells displayed the potential to form secondary GC reactions during the recall response to antigen. IgM + memory B cells can form GCs after being transferred and then reactivated with repetitive particulate antigens 23 . Transferring equivalent numbers (3 × 10 3 to 5 × 10 3 ) of NP + IgM + B cells or classswitched memory B cells into unconditioned wild-type recipient mice produced similar numbers of donor-derived memory B cells (CD138 − CD38 + GL7 − ) in the spleen of recipient mice at day 7 in each transfer condition (Fig. 6a) . Consistent with published findings 25 , a minority of transferred memory B cells lost expression of immunoglobulin M (IgM) after recall (Fig. 6a) . Furthermore, NP + IgM + memory B cells produced tenfold fewer GC B cells than did their class-switched memory counterparts in similar unconditioned recipient mice (Fig. 6a) . Therefore, some IgM + memory B cells were able to form secondary GCs 23, 35 , but class-switched memory B cells had the dominant precursor potential for the formation of secondary GCs in this model.
Secondary GC precursors are class switched
We next assessed the dynamics and diversity of the antigen-specific IgM + B cell recall response to antigen in the intact primed mouse. 
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A r t i c l e s
The adjuvant monophosphoryl lipid A induced large amounts of class switching to IgG2a and IgG2b but also promoted NP + V L λ1 + IgM + memory B cells (Fig. 7a) . However, as indicated by Bcl-6 expression, very few of those antigen-specific IgM + memory B cells resided within persistent primary-response GCs in the LNs at day 70 after priming and before recall (Fig. 7a) . Furthermore, V H 186.2 + IgM + BCRs from those IgM + memory B cells were largely unmutated or expressed related but unmutated genes other that the gene encoding V H 186.2 (data not shown). The low mutation rate of IgM + memory B cells was consistent with a GC-independent pathway for this unswitched memory compartment 45, 46 . After recall, antigen-binding V L λ1 + IgM + memory B cell populations expanded predominantly into the antigen-specific CD138 + memoryresponse PC compartment, while <2% of the total antigen-specific cells had the GL7 hi CD38 lo GC phenotype (Fig. 7b) . Thus, as seen in the adoptive-transfer experiments, antigen-specific IgM + memory B cells had little secondary GC-forming potential in the intact primed mouse. At the molecular level, class-switch recombination leaves switch circle transcripts within individual cells that have recently undergone recombination activity. To estimate the degree of class-switch recombination that might occur at recall, we quantified the frequency of circle transcripts that result from the IgM-to-IgG2b immunoglobulin class switch 47 in 30-cell samples of antigen-specific IgG2b + B cells. We detected few samples with such transcripts (10-15%) at either day 3 of the early recall response among GL7 + CD38 + IgG2b-switched antigen-specific B cells or by day 5 after recall among either the GL7 + CD38 + compartment or the GL7 + CD38 − GC compartment of the draining LNs (Fig. 7c-e) . Attesting to the sensitivity of this approach, >95% of GL7 + CD38 + IgG2b-expressing B cell samples from early in the primary response showed IgM-to-IgG2b classswitch recombination activity (Fig. 7c-e) . Collectively, these results suggested that preexisting class-switched memory B cells, not IgM + memory B cells, were the dominant antigen-specific precursor cells of secondary GC reactions.
DISCUSSION
In these studies, we developed a novel and high-fidelity means for connecting cellular phenotype, gene expression and BCR repertoire for the individual progeny of antigen-specific memory B cells after the recall response to antigen. Our findings have established the ability of responding memory B cell to rediversify expressed antigen-specific BCRs in secondary GC reactions. In this manner, 'memory BCR rediversification' can contribute substantially to the evolution of circulating antibody repertoires. The expression of Cd83 and Polh segregated individual class-switched memory GC B cells across four stages of GC function at the clonal and subclonal level. The assortment and progress of subclonal GC B cell activity indicated divergent adaptive evolutionary dynamics that simultaneously enhanced antigen binding and drove intraclonal diversity at the boost.
At the single-cell level, switched memory BCR rediversification is supported by GC-specific transcriptional programs and is driven by antigen-specific selection 9, 11, 14, 15 . The primary-response GC microenvironment and GC-specific transcriptional programs are required for the induction of high-affinity class-switched B cell memory and are central to antibody-based immunological protection [3] [4] [5] 12 . Here we probed the secondary GC transcriptional program at the singlecell level and found individual class-switched GC B cells in four main clusters. Notably, segregation of the expression of Cd83 and Polh in single cells could be used to predict the cyclic progression of GC function.
CD83 is associated with antigen presentation and the stabilization of major histocompatibility complex class II (ref. 42) , and both CD83 protein and Cd83 mRNA are upregulated in LZ GC B cells 3, 9 . Differences in the uptake and presentation of antigen and upregulation of molecules at the T cell-B cell interface by GC B cells in the LZ at stages 1 and 2 might facilitate antigen-specific selection. LZ B cells of higher affinity might 'preferentially' form longer productive contacts with GC T FH cells 14 , increase their expression of the cell-cycle regulator c-Myc 48, 49 , reenter the DZ 9 and undergo more rounds of division 15 . However, static analysis cannot resolve the time of recruitment, and phenotype-based isolation of cells cannot resolve the dynamics of reentry into the cell cycle. Polη is an error-prone DNA polymerase 41 that is upregulated in DZ GC B cells 9 to introduce point mutations in the gene encoding the expressed BCR. We found substantial fractions of individual Polh-expressing GC B cells that were still expressing Cd83 mRNA. This CD83 + Polη + GC B cell subset upregulated their expression of Aicda, Pcna and Mki67, which encode products associated with somatic hypermutation and proliferation. Increased expression of the gene encoding the chemokine receptor CXCR4 and decreased expression of the gene encoding the chemokine receptor CXCR5 serve to relocate these cells to the GC DZ 11 We have demonstrated that under conditions of local protein vaccination and recall response to antigen, class-switched memory B cells were able to form robust secondary GC reactions. These findings were consistent with early reports of substantial non-PC antigenspecific population expansion 36, 37 and the emergence of GL7 + GC B cells in response to recall 38 . Particulate antigens with intravenous priming 23, 24 engage splenic B cells by potentially different mechanisms, with varying requirements for cognate T FH cells and the induction of memory helper T cells. An altered balance of memory B cell subsets 35 might also affect the function of transferred memory B cells. Preimmune repertoires of antigen-specific responses of B cells and helper T cells to any foreign antigen will affect the initial priming and potentially alter the recall response. In this manner, intact memory responses to phycoerythrin 21, 23 may be sensitive to initial priming and adjuvant for the formation of memory helper T cell and B cell compartments. Nevertheless, even after adoptive transfer there is evidence of the formation of secondary GCs by class-switched memory B cells 22, 25, 35 , albeit at very low levels compared with the production of PCs. Population-based studies focused on changes in somatic hypermutation after transfer and recall 34 also support the proposal of ongoing diversification of switched BCRs.
Modifying the class-switched memory B cell fate at recall provides a powerful opportunity for optimizing circulating antibody repertoires toward enhanced antigen binding. Skewing toward PC formation at recall has been attributed to transcriptional differences in classswitched B cells versus IgM + naive B cells 25 . This skewing has also been seen in phycoerythrin-specific recall 21 responses to virus-like particles 24 and after recall in response to adoptive transfer of sheep red blood cells 23 . Rapid PC skewing in early splenic recall responses has been observed 36, 38 . Some of these differences can be attributed to the skewing of the vaccine adjuvant toward different memory B cell subsets 35 . We also emphasize that memory B cell responses to most protein antigens require help from cognate T cells 50 . Hence, we npg A r t i c l e s predict it should be plausible and advantageous to reformulate the boost adjuvant to favor the secondary GC B cell fate and promote optimal binding of switched antibody repertoires for effective longlasting antigen-specific immunity.
We propose that complex viral proteins at infection 26, 27, 29, 30, 32 or in vaccine prime-boost formulations 28, 31, 33 drive similar local BCRrediversification mechanisms. Hence, the ongoing changes to circulating antibody repertoires reported for many human infectious responses are most simply explained by the induction of local secondary GC reactions. Clusters of recently diversified post-secondary GC memory B cells and PCs in the circulation would be responsible for the ongoing clonal diversification observed in these human studies.
By targeting minimal epitopes on complex immunogens, we have revealed divergent evolutionary dynamics at the polyclonal, clonal and subclonal levels in intact primed mice. At the population level, the BCR changes induced converge toward antigen binding of higher affinity 3, 4, 12 . However, at the single-cell level, the reinforcement and expansion of multiple subclonal variants indicates a more divergent evolutionary process. Under these conditions, recall responses to variant antigens would permit and then enhance refocusing of memory BCRs to antigenic variants of the original vaccine. These powerful evolutionary mechanisms can rapidly remodel antibody repertoires of preexisting memory B cells to optimize antibody-based immunological protection. We propose that targeting class-switched memory B cells to reinitiate GC-specific transcriptional programs would enhance the depth and increase the breadth of vaccine-induced immunological protection.
METHODS
Methods and any associated references are available in the online version of the paper. Immunizations and antibody treatments. Mice were given primary immunization subcutaneously at the base of the tail with 400 µg NP-KLH (4-hydroxy-3-nitrophenylacetyl (Biosearch) conjugated to keyhole limpet hemocyanin (Pierce)) mixed with adjuvant based on monophosphoryl lipid A (MPL). Secondary immunizations (boosts) were subcutaneous or intravenous injection of 100 µg NP-KLH in the absence (PBS only; 'soluble') or presence of MPL-based adjuvant administered more than 70 d after priming. Immunization with alum adjuvant (aluminum potassium sulfate; Sigma) precipitated with 1 M potassium hydroxide (Sigma)) and complete Freund's adjuvant (Sigma) was used where appropriate.
For the ablation of persisting GCs in primed mice, mice were given injection of blocking antibody to CD40L (MR1; BioXCell) three times every other day (300 µg per intraperitoneal injection) starting on week 9 after priming. Mice were killed or were given a boost 6 d after the final injection. Matching doses of polyclonal hamster IgG (31246; Pierce) were used as control.
Flow cytometry. Single-cell suspensions of draining (inguinal and periaortic) LNs, nondraining (cervical) LNs and spleen were prepared, followed by incubation in 0.17 M NH 4 Cl for lysis of red blood cells, then cells were then counted and were resuspended in PBS with 5% (vol/vol) FBS at a density of 4 × 10 8 cells per ml for staining. Antibody to CD16/32 (2.4G2; produced 'in-house') was first added for 10 min on ice, before the addition of 'cocktails' of fluorophore-labeled or biotin-labeled monoclonal antibodies (monoclonal antibodies used for this are identified in Supplementary Table 1), followed by incubation for 45 min on ice. After samples were washed, biotin-labeled antibodies were detected by incubation for 15 min on ice with Qdot 655-streptavidin conjugates.
For surface staining of IgG2b, nonspecific binding in cells was blocked with anti-CD16/32 (identified above), followed by incubation for 45 min on ice with biotinylated or phycoerythrin-conjugated anti-mouse IgG2b (Supplementary Table 1 ), then cells were washed and nonspecific binding was blocked by incubation with 1% mouse and rat serum, and then cells were stained for 45 min on ice with a 'cocktail' containing fluorophore-conjugated antibodies (Supplementary Table 1) , NP-phycoerythrin or NP-allophycocyanin and Qdot 655-streptavidin. For intracellular staining of Bcl-6, surfaces of cells were stained and cells were labeled with the eFluor 506 or eFluor 780 viability dye (eBioscience), then cells were fixed and permeabilized with buffers from a transcription factor staining kit (eBioscience), nonspecific binding was blocked with 1% mouse and rat serum in permeabilization buffer, and cells were stained for 30 min on ice with phycoerythrin-conjugated anti-Bcl-6 (Supplementary Table 1 ). Cells were washed and resuspended in a solution of FBS in PBS.
High-resolution analysis with a four-laser FACSAria III with index cell sorting was central to all studies. The use of 12-to 15-color resolution for analysis and isolation of single class-switched antigen-specific GC B cells provided the requisite purity, as attested by efficiency of single-cell gene expression. Analysis was done on a FACSAria III with FACS Diva software equipped with index sorting software (BD Biosciences) for recording of the exact data for each single cell sorted into each well of a 96-well plate. Indexed cell sorting permitted the direct tracking of individual cells processed for surface phenotype, BCR-repertoire analysis and gene expression to quantify the levels and penetrance frequency for genes encoding molecules of GC-associated function. Flow cytometry data were analyzed with FlowJo software (TreeStar).
Fluorescence immunohistochemistry. Draining LNs were fixed overnight at 4 °C in paraformaldehyde-lysine-periodate buffer, dehydrated in 30% sucrose, embedded in OCT medium (Tissue-Tek) and frozen on dry ice. Tissue sections 8 µm in thickness were prepared, and slides were air-dried, then rehydrated in PBS before staining. Sections were permeabilized and nonspecific binding was blocked by incubation for 1 h at room temperature in NGS blocking buffer (10% normal goat serum and 0.05% Triton X-100 in PBS). Purified rat monoclonal antibody to AID or CD4 (Supplementary Table 1 ) was diluted in NGS blocking buffer and was added on slides for overnight incubation at 4 °C in a humidified chamber. Washed slides were then stained for 1 h at room temperature with Alexa Fluor 488-conjugated goat anti-rat IgG (Supplementary Table 1 ) diluted in NGS blocking buffer. Nonspecific binding on slides were then blocked by incubation with NRS blocking buffer (10% normal rat serum and 0.05% Triton X-100 in PBS) before slides were stained overnight at 4 °C with fluorophore-conjugated antibodies (Supplementary Table 1 ) diluted in NRS blocking buffer. Slides were mounted in Aquamount medium (Thermo Scientific) and were analyzed on a Nikon C2 confocal microscope equipped with four lasers (408 nm, 488 nm, 543 nm and 633 nm) and a 60× objective. Images were acquired with Nikon Elements software and were further processed with Adobe Photoshop CS4.
Single-cell multiplex quantitative PCR and BCR analysis. Individual LNs were collected for most integrated studies of GC function to increase the likelihood of clonal samples. Single NP-specific B cells (CD3 − Gr-1 − CD19 + IgD − IgM − λ1 + NP + ), GC cells (CD138 − B220 + CD38 − GL7 + ) or memory cells (CD138 − B220 + CD38 + GL7 − ) were individually sorted by flow cytometry into 96-well plates containing 5 µl RT-Pre-Amplification Master Mix (2.5 µl CellsDirect 2× Reaction Mix; 0.1 µl SuperScript III RT/Platinum Taq (CellsDirect One-Step qRT-PCR kit; Invitrogen); 0.25 µl pooled 0.5 µM outside gene-expression primers and outside primers for analysis of the V L λ1 and V H 186.2 BCR; 2.15 µl diethylpyrocarbonate-treated double-distilled water) (primers and Taqman assays, Supplementary Table 2). As negative control for each plate, at least four wells per plate had no cell and were processed throughout the procedure. Therefore, a total of 384 individual negative data points were included for each plate. The reverse transcription was performed at 50 °C for 15 min, followed by 95 °C for 2 min, then 22 cycles of 95 °C for 15 s, 60 °C for 4 min. The preamplified cDNA was diluted five times in Tris-EDTA buffer and then was processed for analysis of gene expression and the BCR.
For multiplex gene-expression analysis, the BioMark Real-time PCR system (Fluidigm) was used with TaqMan Universal PCR Master Mix (Applied Biosystems) and an inventoried TaqMan gene-expression assay in 96.96 dynamic arrays (primers and Taqman assays, Supplementary Table 2 ). Single cells that did not express at least two of the reference genes (Gapdh, Actb and B2m) were removed from the analysis (<5% of cells). The cycling threshold (Ct) values from individual cells were transformed into relative mRNA abundance by subtraction of the Ct value from a baseline of 30, followed by conversion to a numerical value at 2 (30−Ct) for display on log scale.
For BCR analysis, 1 µl of the preamplification product was used for an amplification reaction in a volume of 10 µl containing 2 U/ml Taq polymerase, 200 µM of each dNTP (Roche), 1 mM Tris-HCl, 1.5 mM MgCl, 25 mM KCl and 0.8 µM of the nested primers VH186-b (sense) (5′-CTTGGCAGCAACAGCTACAG-3′) and Cg1-b (antisense) (5′-CACTGGCTCAGGGAAATAGC-3′) for amplification of the gene encoding the heavy chain with the following PCR program: 95 °C for 5 min then 40 cycles of 95 °C for 15 s, 55 °C for 45 s, 72 °C for 90 s, ending with 72 °C for 5 min. PCR products were purified (ExoSAPT-IT; USB) and then were sequenced with a Big Dye Terminator v3.1 cycle sequencing kit (Applied Biosystems) with 3.2 pmol of the second-round PCR antisense primer Cg1-b for heavy chain products. Sequence products were purified (BigDye XTerminator purification kit, Applied Biosystems) and run on a 3130 genetic analyzer (Applied Biosystems). Gene segments were assigned as encoding variable, diversity and joining regions through the use of the IgBLAST tool (National Center for Biotechnology Information) and Kabat nomenclature. Single-cell nucleotide sequences underwent near-neighbor alignment with the Clustal Omega multiple-sequence-alignment program and, on the basis of the nucleotide sequence in the BCR junctional regions, were assigned a clone and cell identification. Phylogenetic trees were generated with the Dendroscope 3 interactive viewer 39 .
t-SNE.
For gating and visualization, gene-expression data files were compiled into flow cytometry standard files (with the CsvToFcs program for the conversion of comma separated value files into flow cytometry standard files; GenePattern genomic analysis platform of the Broad Institute) and were analyzed with FlowJo software. t-SNE 40 analysis of gene expression in GC B cells npg
